Introduction: Executive dysfunction occurs in many patients with amyotrophic lateral sclerosis (ALS), but it has not been well studied in primary lateral sclerosis (PLS). The aims of this study were to (1) compare cognitive function in PLS to that in ALS patients, (2) explore the relationship between performance on specific cognitive tests and diffusion tensor imaging (DTI) metrics of white matter tracts and gray matter volumes, and (3) compare DTI metrics in patients with and without cognitive and behavioral changes. Methods: The Delis-Kaplan Executive Function System (D-KEFS), the Mattis Dementia Rating Scale (DRS-2), and other behavior and mood scales were administered to 25 ALS patients and 25 PLS patients. Seventeen of the PLS patients, 13 of the ALS patients, and 17 healthy controls underwent structural magnetic resonance imaging (MRI) and DTI. Atlas-based analysis using MRI Studio software was used to measure fractional anisotropy, and axial and radial diffusivity of selected white matter tracts. Voxel-based morphometry was used to assess gray matter volumes. The relationship between diffusion properties of selected association and commissural white matter and performance on executive function and memory tests was explored using a linear regression model. Results: More ALS than PLS patients had abnormal scores on the DRS-2. DRS-2 and D-KEFS scores were related to DTI metrics in several long association tracts and the callosum. Reduced gray matter volumes in motor and perirolandic areas were not associated with cognitive scores. Conclusion: The changes in diffusion metrics of white matter long association tracts suggest that the loss of integrity of the networks connecting fronto-temporal areas to parietal and occipital areas contributes to cognitive impairment.
Introduction
Many patients with amyotrophic lateral sclerosis (ALS) develop impairment in executive functions such as reasoning, organization, attention, judgment, and mental flexibility [1] [2] [3] . These cognitive changes resemble those in fronto-temporal lobar dementia (FTLD), but may not be severe enough to fulfill the clinical criteria of Neary et al. [4] for FTLD; however, more recently proposed diagnostic criteria may include more patients [5] . In ALS, consensus criteria have been proposed for a milder degree of cognitive impairment (ALSci). Patients are classified as ALSci when they perform at the 5th percentile or below compared to age-and education-matched norms on at least two standardized tests of executive functioning [6] . Similar criteria were developed for behavioral impairment in ALS patients (ALSbi) who have at least two diagnostic features from the FTLD criteria, such as loss of inhibition, impaired insight, apathy, or impaired regulation of social conduct [6] . Primary lateral sclerosis (PLS) is a rare form of motor neuron disorder [7] [8] [9] ; however, cognitive functioning in PLS has been less well studied than in ALS. Two retrospective studies [10, 11] reported a variety of cognitive deficits in some PLS patients, and one prospective study found similar proportions of PLS and ALS patients who had deficits in verbal fluency and memory [12] .
In FTLD, different clinical syndromes have been associated with differing patterns of gray matter loss in regions of the brain [13] [14] [15] . Frontal lobe atrophy has been reported in ALS patients with fronto-temporal dementia [16] and in ALS patients with lower scores on the revised ALS Functional Rating Scale (ALSFRS-R) [17] , but it is unclear whether patients with ALSci or ALSbi, both of which are milder forms of impairment, exhibit changes in similar brain regions as patients with more severe cognitive deficits. One study of ALS patients with verbal fluency defects found reduced volume of frontal white matter [18] , and another reported associations between performance on particular neuropsychological tests and a variety of diffusion properties of white matter association tracts in a cohort of 16 ALS patients that included 2 ALSci patients [19] . Another study found left prefrontal and parietal cortical thinning in ALS patients with poorer performance on a sorting task [20] . Associations between imaging and cognitive findings have not been similarly investigated in PLS patients.
The aims of our study were (1) to determine whether cognitive and behavioral functions are impaired in PLS patients to a similar extent as in ALS patients, (2) to explore the relationship between deficits in performance on specific cognitive tests and diffusion tensor imaging (DTI) metrics of white matter association tracts and gray matter volumetric changes, and (3) to compare DTI metrics in patients with and without cognitive and behavioral changes.
Methods

Subjects
Twenty-five patients who fulfilled the criteria of Pringle et al. [7] for PLS, 25 patients with probable or definite ALS by the revised El Escorial criteria [21] , and 17 age-matched healthy controls participated in the study, which was approved by the institutional review board. All subjects gave written informed consent for the protocol. In accordance with the protocol, PLS and ALS patients also designated a caretaker as a surrogate decision maker who provided neurobehavioral information. Only ALS and PLS patients underwent the neuropsychological testing battery.
Clinical Evaluation
All ALS and PLS patients and healthy controls had a detailed history and neurological examination by one of the neurologist coauthors. All patients underwent diagnostic testing, such as EMG, to confirm that they fulfilled the El Escorial criteria for probable or definite ALS [21] or the criteria for PLS from Pringle et al. [7] . The ALSFRS-R was recorded for all subjects [22] . Clinical characteristics and motor findings of these patients have been previously reported [23] . Measures of motor speed included finger tapping, timed gait, and timed reading of a standard passage (the Grandfather Passage).
Neuropsychological Testing
The cognitive testing battery consisted of the Dementia Rating Scale (DRS-2) from Mattis and colleagues [24] and the Delis-Kaplan Executive Function System (D-KEFS) [25] . The scoring of these tests is normed for age and educational level. The behavioral and mood testing battery consisted of the Beck Depression Inventory (BDI-2) [26] , the Frontal Systems Behavioral Scale (FrSBe) [27] , and the UCLA Neuropsychiatric Index (NPI) [28] . Behavioral ratings by the caregivers were used for the FrSBe and the NPI. When patients were unable to carry out a subtest in the DRS-2 and D-KEFS because of limited motor function, that subtest was not included in the patient's individual assessment. However, every subtest was completed by at least 20 patients in each group. Patients were classified as ALSci [3, 6] if they scored in the lowest 5th percentile on at least two of the subscores of the D-KEFS and the low scores could not be accounted for by motor or speech dysfunction. Patients were classified as ALSbi [3, 6] if they exhibited at least two supportive diagnostic features with clinical history and supportive testing using the FrSBe and NPI. ALS and PLS patients who completed sufficient subtests of the D-KEFS battery, the NPI, and FrSBe underwent imaging studies.
Principal Component Analysis
To reduce the dimensions of the cognitive testing scores for comparison with imaging measures, a principal components analysis (PCA) of the D-KEFS was conducted, similar to that done in a prior study of FTLD patients [13] . Eleven D-KEFS subscores that were completed by 43 of the 50 patients were used as variables in the PCA ( table 1 ; online suppl. table 1, www. karger.com/doi/10.1159/000353456). Although most D-KEFS tests are carried out under timed conditions, test scores that measured motor speed without content (e.g. Tower test mean time to first move, Trail motor speed) were excluded ( table 2 ). The Kaiser-Meyer-Olkin measure (0.659) indicated the sample size was adequate and Bartlett's test of sphericity (p < 0.001) indicated the variables were appropriate for PCA. PCA with varimax rotation revealed 3 components with eigenvalues >1.0, cumulatively accounting for 72.6% of the variance. The first component (PC1) accounted for about one third of the variance. PC1 loaded most heavily on the fluency subscores ( table 1 , loading >0.7 in bold). The second component (PC2) was most heavily weighted on the sorting subscores. The third component (PC3) was heavily weighted on the subscores of the Trails battery. For simplicity, throughout the rest of this article, the three principal components will be referred to as 'fluency', 'sorting', and 'Trails'.
Imaging Acquisition
Magnetic resonance imaging (MRI) studies were performed on a 3-tesla scanner (Philips Achieva, Best, The Netherlands) using a receive-only, 8-channel SENSE head coil. For volu-metric and thickness measurements, a high-resolution T1-weighted image was obtained using a three-dimensional turbo field echo sequence: TR = 8.6 ms, TE = 3.9, TI = 700, flip angle = 6°, FOV = 240 mm, matrix size = 256 × 256, slice thickness = 1 mm, and 140 axial slices. In addition, multislice diffusion-weighted imaging was acquired using a single-shot spin-echo echo-planar sequence: TE = 86 ms, FOV = 240 mm, matrix size = 96 × 96 reconstructed to 128 × 128 (voxel size = 1.875 × 1.875 × 2.5 mm), slice thickness = 2.5 mm, and 55 contiguous axial slices aligned parallel to the AC-PC line. Diffusion weighting was performed along 32 noncollinear directions with a b value of 1,000 s/mm 2 , and a single volume was collected with no diffusion gradients applied (b0). The diffusion sequence was repeated 4 times to increase the signal-to-noise ratio. The scan time for each diffusion sequence was 4 min.
Atlas-Based Analysis of DTI
Semiautomated computerized atlas-based analysis was used to segment and label white matter tracts. DTI postprocessing was performed off-line using MRI Studio software (H. Jiang and S. Mori, Johns Hopkins University, www.MriStudio.org) [29] . The raw diffusion-weighted images were first coregistered to one of the least diffusion-weighted images and corrected for eddy current and subject motion using a 12-mode affine transformation with Automated Image Registration [30, 31] . The six elements of the diffusion tensor, the fractional anisotropy (FA), the eigenvectors, and the eigenvalues were calculated for each voxel with multivariate linear fitting [32, 33] . Before the normalization procedure, the skull was stripped using the diffusion-weighted images and a skull-strip tool in the RoiEditor software. The images were then normalized to the ICBM-DTI-81 coordinates [34] using a 12-mode affine transformation with DiffeoMap. Subsequently, a nonlinear transformation using dual-contrast large deformation diffeomorphic metric mapping was applied to register the FA and Trace images to the 1-mm isotropic resolution template (181 × 217 × 181 matrix). Because both linear and nonlinear transformations are reciprocal procedures, the inversely transformed WMPMII parcellation map was superimposed onto the original DTI metric maps from the patient leading to the parcellation of the brain into 130 anatomical structures, including gray matter regions and white matter tracts. One further step in the segmentation of the white matter consisted of thresholding all the gray matter and cerebrospinal fluid by excluding regions of interest of FA <0.2 and Trace >0.0045 on the corresponding images. The quantitative analysis was carried out on the FA, Trace, axial diffusivity (AD), and radial diffusivity (RD) in white matter structures parcellated in the atlas-based analysis [35] .
Eleven white matter association area tracts on each side were chosen for analysis ( fig. 1 ), including the uncinate fasciculus, superior longitudinal fasciculus (SLF), superior frontooccipital fasciculus (SFO), inferior fronto-occipital fasciculus (IFO), posterior thalamic radiation (PTR), and the fornix. The corpus callosum was segmented into three portions: the genu, body, and splenium. The cingulum was segmented into the portion underlying the cingulate cortex and a hippocampal portion. These association tracts were chosen because of literature suggesting their association with the cognitive tests used, or because of their involvement in ALS or FTLD. The corticospinal tract was not included in the analysis, as the changes associated with ALS and PLS diagnoses and motor function have been previously reported for these patients [23] . Scaled scores are normed for age and education. Normal mean = 10; SD = 3. Subscores used as variables in the PCA are in bold. 
Volumetric Analysis
Statistical parametric mapping was used to assess volumetric differences between patients and healthy controls and the association between volumetric differences and cognitive measures. Voxel-based morphometry (VBM) analysis of the data was performed with SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8) for Matlab version 2012a. Images were registered and segmented using the new segment and DARTEL (diffeomorphic anatomical registration through exponentiated lie algebra) algorithm [36] , normalized to the Montreal Neurological Institute (MNI) space, and smoothed with a 10-mm FWHM (full width at half maximum) filter. These preprocessing steps were carried out according to the principles outlined by Ridgway et al. [37] . We were interested in evaluating the gray matter volumetric changes of patients affected by ALS and patients with PLS compared to healthy subjects. Thus, both groups were analyzed separately. The preprocessed (i.e. segmented, modulated, normalized, and smoothed) scans from each patient group were compared to the scans from the group of age-matched healthy control subjects using a two-sample t test. For the statistical analysis, an explicit absolute threshold mask of 0.05 was used. Age, gender, and total intracranial volume were entered as covariates of no interest. Finally, in all our analyses we used a 0.05 family-wise error threshold [38] .
Subsequent association analyses were limited to areas of significant gray matter volume reduction. The relationship between voxel values and each of the three scores from the D-KEFS PCA and the DRS-2 total and memory scores was examined using one-tailed t tests (one for each component), assuming that decreased performance in these tests would be associated with decreased gray matter volume; however, we also tested the opposite relationship as recommended when performing VBM studies. We used areas of significant gray matter volume reduction derived from the first-step analysis as an explicit mask. An uncorrected statistical threshold of p < 0.001 was applied with a 30-voxel threshold. In addition, age, gender, and total intracranial volume were entered in the model as covariates of no Tracts were segmented by atlas analysis. The evaluated tracts were the uncinate fasciculus (UNC), SLF, SFO, IFO, PTR, and the fornix (Fx). The corpus callosum was segmented into three portions: the genu, body, and splenium (GCC, BCC, and SCC). The cingulum was segmented into the portion underlying the cingulate cortex (CGC) and a parahippocampal portion (CGH). interest. Identification of brain regions and corresponding Brodmann areas were determined using PickAtlas software [39] .
Statistical Analysis
Data are presented as means ± SD. Statistical analyses were performed using SPSS Statistics version 17.0 and SAS 9.2. The normality of clinical and demographic data was confirmed with the Kolmogorov-Smirnov test, and a one-way ANOVA with unequal variance was used to compare groups. Fisher's exact test was used to test differences in the proportions of ALS and PLS patients with abnormal raw total scores on the DRS-2 and in the proportion of patients classified as ALSci and ALSbi.
A two-step statistical model was used to examine the relationship between diffusion properties of the selected white matter association tracts and cognitive measures. In the first step, the variables of age, gender, disease duration, ALSFRS-R score, diagnosis, and time to read a standard passage were evaluated as covariates, based on a significance level of 0.1. In the second step, a regression analysis was performed with a linear model including the selected covariate(s), the diffusion metrics and their interactions (which were dropped from the model if p > 0.1), and the cognitive measures. The cognitive measures evaluated were the DRS-2 total score, DRS-2 memory subscore, three D-KEFS principal components, and the D-KEFS scaled subscores for free sort description, fluency switch accuracy, and letter fluency. The first two scaled subscores were included to assess measures independent of motor ability. Letter fluency is a timed test likely to be affected by rate of speech. Differences in diffusion properties between the patients with and without mild cognitive or behavioral impairment (ALSci, ALSbi) were evaluated with a similar regression analysis model with age, gender, disease duration, and ALSFRS-R score considered as covariates. The diffusion properties analyzed for the 11 tracts on each side were FA, RD, and AD. Due to the large number of variables and the exploratory nature of this analysis, an uncorrected p = 0.01 was used as the significance level.
Results
Age, gender, and years of education did not differ significantly between groups ( table 3 ) . As expected, because PLS is defined as having at least 4 years of progressive spasticity [40] , disease duration was shorter in ALS patients than in PLS patients (p < 0.001). The ALSFRS-R, a measure of function and strength, did not differ between the ALS and PLS patient groups. Dexterity was not different between PLS and ALS patients, as measured by speed of finger tapping ( table 3 ) , and there were no differences in the rate of speech as measured by the time needed to read a standard passage.
Neuropsychological testing was carried out on all patients, although not every patient was able to do every test in the battery ( table 2 ) . Not all were able to undergo neuroimaging studies, typically because the severity of their illness limited tolerance or they had implanted medication pumps. Technically adequate studies were obtained for volumetric analysis from 13 ALS and 17 PLS patients, and for DTI analysis from 13 ALS and 15 PLS patients. Of the patients who underwent MRI, 6 patients (1 PLS, 5 ALS) had mild cognitive impairment fulfilling the criteria for ALSci and 8 patients (3 PLS, 5 ALS) had mild behavioral impairment fulfilling the criteria for ALSbi. There was no difference in motor measures of finger tapping or speech between the group of patients with ALSci and ALSbi and those without cognitive or behavioral impairment. The demographics of the subset of patients who were able to complete the imaging studies did not differ from those of the study population as a whole ( table 3 ) . The 17 healthy controls who underwent MRI were matched for age and gender, and had normal neurological examinations but not formal neuropsychological testing.
Neuropsychological Studies
Twenty-three ALS and 23 PLS patients completed all portions of the DRS-2. The proportion of patients who scored below normal (DRS-2 raw score <133) was higher in the ALS patient group (35%) than in the PLS patient group (5%; p = 0.022, Fisher's exact test; fig. 2 a) . The lower scores occurred across all five subscores of the DRS-2, including those, such as conceptualization, that do not rely on motor function (ANOVA F = 17.04, p < 0.001; fig. 2 b) . No patient met the criteria for FTLD of Neary et al. [4] . Table 2 shows the number of patients completing each test in the D-KEFS battery. There was no difference between the PLS and ALS patient groups in the mean scaled scores for any D-KEFS subtest ( table 2 ) . However, 9 ALS and 2 PLS patients individually met the criteria for ALSci, with two or more scaled scores on subtests of the D-KEFS that were at or below the 5th percentile. The proportion of patients with ALSci was higher in the ALS patient group than the PLS patient group (p = 0.021, Fisher's exact test). As a group, patients meeting the ALSci criteria had lower scores on multiple subtests of the D-KEFS compared to patients without ALSci. As illustrated in figure 2 c and d, patients with cognitive impairment (gray bars) scored lower on tests in which performance is less dependent on motor function (sort description, fluency switch accuracy), as well as on tests more affected by motor function (free sort description, letter fluency). The classification of ALSci was based on patient scores on the D-KEFS test battery, but it is notable that the ALSci group included all patients who had abnormal raw scores on the DRS-2.
Six ALS patients and 5 PLS patients fulfilled the criteria for ALSbi, including 3 ALS patients and 1 PLS patient who met the criteria for both ALSci and ALSbi. Apathy and disinhibition were the most common behavioral abnormalities described by caregivers on the FrSBe questionnaire. Of note, however, 4 of the patients classified as ALSbi also scored in the mildmoderately depressed range and 1 in the severely depressed range on the BDI-2, which is consistent with our earlier study on the frequency of depression in ALS and PLS patients [41] . There was no significant difference between patients with and without ALSci/bi in the ALSFRS-R or measures of movement speed (tapping, speech) in the PLS and ALS groups.
DTI and Performance on Cognitive Tests
Gender, disease duration, and diagnosis (PLS vs. ALS) were not significant covariates and were dropped from the regression model. The D-KEFS letter fluency score was adjusted for the covariate of timed reading. Significant interactions of age and the ALSFRS-R score oc- curred with the DRS-2 score, and of the ALSFRS-R score with the sorting principal component. Significant covariate interactions were included in the regression model. Patients were pooled to examine the relationship between imaging and cognitive measures because diagnosis was not a significant covariate. Diffusion metrics of several white matter tracts were found to be associated with performance on the DRS-2 and the D-KEFS ( table 4 ). The total DRS-2 score was associated with AD of the body of the corpus callosum and with AD and RD of the right SFO ( fig. 3 b, c) . The DRS-2 memory subscore was associated with AD of the IFO bilaterally ( fig. 4 a) and reductions in FA in the right PTRs ( fig. 4 b) . The fluency principal component was associated with AD of the left SLF ( fig. 3 f) . The scaled subscores for the fluency 'correct response' and switch accuracy were associated with AD in the cingulate bundle in the portions extending into the temporal lobe overlying the left hippocampus ( fig. 4 c, d ). The letter fluency scaled score was associated with RD in the PTRs ( fig. 4 b) . The sorting principal component was associated with AD of the splenium of the callosum ( fig. 3 d, 4 c) . 
DTI and ALSci and ALSbi
After adjusting for covariates there were no significant DTI findings associated with ALSci (p > 0.01). In patients with ALSbi, higher FA was seen in the left cingulum (p = 0.0049) and lower RD in the right cingulum white matter (p = 0.0087). The multivariate analysis showed an interaction between ALSbi and the ALSFRS-R score covariate within two white matter tracts: there was no association with the ALSFRS-R score in patients with ALSbi; however, in behaviorally normal patients, higher ALSFRS-R scores were associated with greater AD in the left PTR (R 2 = 0.44, p = 0.0014) and a trend toward RD in the SLF (R 2 = 0.237, p = 0.029).
VBM Analysis
Compared to healthy subjects, ALS patients had one cluster (k = 109, p = 0.012, familywise error corrected) with reduced gray matter volume in the right perirolandic area, and the MNI coordinates of the peak voxels were 28, -33, and 45 ( fig. 5 a) . PLS patients had reduced gray matter volume in one cluster ( fig. 5 ; k = 1126, p = 0.027, family-wise error corrected) in the region of the right motor cortex, and the MNI coordinates of peak voxels were 31, -25, and 36. There were no significant associations between these areas of reduced gray matter and performance on any neuropsychological testing. In addition, no volumetric differences were seen between patients with and without ALSci/bi. 
Discussion
Overall, the cognitive performance of many of our patients was consistent with a subtle executive dysfunction, although none of the patients met the criteria for FTLD at the time of evaluation. About one third of the ALS patients in this study were found to have mild cognitive deficits, a proportion that is similar to several previous reports [1, 3, 42] . We found that a much lower proportion of PLS patients, 14%, met criteria for either cognitive or behavioral impairment. This lower proportion could not be accounted for by differences in motor function, which did not differ between the ALS and PLS patient groups or between patients who met the criteria for ALSci and those who did not. Patients who met the criteria for ALSci scored lower across a broad range of cognitive tests, including those that were not dependent on motor function, such as the description of the rules used in a sorting task. Although only a handful of studies have measured cognitive function in PLS patients, there are widely varying estimates of its occurrence. One retrospective review of clinic patients reported that the majority of PLS patients had cognitive impairment [11] . However, it has also been reported that 39% of PLS patients had cognitive impairment [12] , and another study even found that only 22% of PLS patients had cognitive impairment [43] . The proportion of PLS patients with cognitive impairment was somewhat lower in our study than in these earlier reports. This difference may result from different case definitions for PLS that were used in each study or from a bias toward higher functioning patients in our study, which was limited to patients who could travel to our institution.
The second aim of our study was to explore the relationship between performance on neuropsychological tests and imaging measures. The relationship between impaired performance in specific cognitive domains and damage to specific brain structures can provide insight into the cerebral changes underlying cognitive presentations in ALS and PLS patients. Although several studies have examined the relationship between cognitive impairment and neuroimaging findings in ALS patients [18, 19, 44, 45] , to our knowledge there have not been similar studies in PLS patients. With VBM, we found atrophy in gray matter regions predominantly in the motor and perirolandic cortices. These reductions were not correlated with performance on cognitive tests. In contrast, DTI revealed changes in several white matter tracts connecting extramotor regions of the brain that were related to patient performance on neuropsychological tests. The DTI analysis focused on 11 association or commissural white matter tracts, which were selected based on literature descriptions indicating their involvement in ALS or in executive function [18, 19, 46] .
In the white matter tracts, we measured the AD, RD, and FA. FA maps spatially localize the degree of anisotropic diffusion, which is believed to be related to the degree of axonal packing and myelination. Axonal disruption produces decreased FA. In tracts containing a mixture of fibers with differing orientations, FA can theoretically become increased due to either reduced axonal branching or reduced integrity of crossing fibers, leading to an increased net directional preference of water diffusion within each voxel. AD, the eigenvalue of the primary eigenvector, is also predominantly modified by acute axonal damage, which causes fragmentation of axons and barriers to the longitudinal diffusion of water molecules. RD, the mean of the second and third eigenvalues, may preferentially reflect myelin injury or increased astrogliosis [47] .
Changes in diffusion properties related to cognitive test scores mostly occurred in long white matter tracts connecting the frontal lobes to the more posterior cortical regions. One caveat is that axons traveling to different destinations can be contained within these tracts. For example, the SLF contains longer fibers connecting the frontal cortex with the dorsolateral parietal and temporal cortices as well as shorter U-shaped fibers connecting the fronto-parietal, parieto-occipital, and parieto-temporal cortices [48] . Because the atlas-based method used in this study defines white matter tracts based on anatomical locations, it does not distinguish between subsets of fibers with different destinations within a tract and may underestimate those changes that affect only a portion of the tract.
Scores on the DRS-2 were associated with diffusivity measures of the SFO and IFO which, together with the SLF and the uncinate fasciculus, make up the longitudinal association tracts connecting frontal regions to the parietal, temporal, and occipital lobes. Although the total DRS-2 score was associated with right hemisphere tracts, the DRS-2 memory subscore, which includes both verbal and visual memory items, was related to diffusivity in the IFO bilaterally. The IFO connects regions of the frontal lobe with temporal and occipital cortices. The left IFO has been implicated as being important for semantic memory in healthy adults [49] and was found to exhibit reduced FA and increased diffusivity in patients with progressive supranuclear palsy with dysexecutive problems, apathy, and personality change [50] . In ALS patients, lower FA values of the IFO were reported to be correlated with worse performance in the Wisconsin Card Sorting Test [19] , which requires working memory for visual stimuli.
Because the Delis-Kaplan battery that was used to test executive function provides multiple subscores within nine separate tests, we carried out a PCA to reduce the number of variables and emphasize those less likely to be affected by motor impairment. Three components were identified that could account for most of the variance, similar to other studies of the D-KEFS factor structure that found a 3-factor solution using different methods [51] . The first principal component, which we termed fluency (PC1), was heavily loaded on fluency subscores, with a smaller contribution from switching subscores of the Trails test. Our fluency component has a similar composition to the 'monitoring' factor identified in an earlier study [51] . The variables comprising the fluency component require categorization, manipulating content in working memory, and cognitive flexibility. The fluency component was associated with diffusivity in the left SLF, suggesting these tasks require the integrity of tracts connecting the left frontal lobes with the parietal, occipital, and temporal regions. This is consistent with atrophy of the prefrontal and posterior parietal cortex (regions connected through the SLF) and correlated with a loss of set shifting in patients with various neurodegenerative diseases [52] . Among the individual subscores of the D-KEFS fluency test, the correct response score and switch accuracy score were associated with the left parahippocampal portion of the cingulum, connecting the frontal, precuneus, and temporal cortices. Diffusivity changes in the anterior and posterior cingulum have been associated with declining memory and attention in older adults without dementia [53] , and the cingulum is thought to be important for connectivity of the precuneus/posterior cingulate cortex and medial frontal cortex in the default network in resting fMRI [54] . The cingulum has been implicated in working memory and cognitive control in patients with mild cognitive impairment [55] .
Most of these findings are consistent with the traditional view that verbal fluency reflects left frontal function [56] , as well as a neuropathological study that identified damage to the SLF in six ALS brains examined [57] . fMRI studies have shown that patients with verbal fluency deficits have impaired activation in networks implicated in letter fluency and confrontation naming, which include the dorsolateral prefrontal cortex, anterior cingulum, inferior frontal gyrus, and regions of the occipito-temporal pathways [58] . Primate studies support the role of the SLF in connecting these areas. In primates, the SLF has been shown to have three distinct branches: SLF I connects the superior frontal gyrus to the posterior medial and caudal superior parietal lobule, SLF II originates from the dorsolateral prefrontal cortex and ends in the occipito-parietal area and the caudal inferior parietal lobule, and SLF III links the posterior part of the inferior frontal gyrus to the rostral portion of the inferior parietal lobule [59] . Damage to SLF II may account for changes in our patients since it connects specific anatomical regions affected in our population.
The second component of the D-KEFS, termed sorting (PC2) requires concept formation and the ability to deduce categories. Sorting (PC2) was associated with AD in the splenium of the corpus callosum. The free sort description subscore itself was not associated with changes in the diffusion metrics of the white matter tracts examined. This finding is somewhat at variance with Fine et al. [60] , who also used the D-KEFS and found that free sort description subscores were associated with reduced frontal volumes in patients with a variety of neurodegenerative disease with cognitive impairment. Libon et al. [20] also reported that performance on sort recognition scores was correlated with left prefrontal and parietal cortical thinning in 16 ALS patients divided into three groups based on performance in the sorting task. The lack of cortical atrophy could reflect a lesser degree of cognitive dysfunction in our patients. Diffusion changes in the splenium also differ from Sarro et al. [19] , who reported that the Wisconsin Card Sort Test correlated with changes in diffusion properties of the IFO and ILF bilaterally in ALS. These differences may reflect limitations of the small sample sizes in our study and others'. The uncinate fasciculus, which connects orbitofrontal and temporal areas, was not correlated with any of the cognitive test scores in our study.
There were no significant associations between DTI metrics of the association tracts evaluated and whether patients were classified as ALSci. This may reflect the relatively small number of patients in this study meeting the criteria for cognitive impairment, i.e. two subtests at or below the 5th percentile. Additionally, subgrouping patients into two groups -with or without ALSci -reduces the range of cognitive performance for regression analysis. The clinical significance of the imaging findings in patients with and without behavioral impairment is uncertain. The higher FA and lower RD values in the cingulum observed in these patients could suggest reduced complexity and less mixing of fibers in this region of the cingulum. The cingulum is composed of fibers of varying length connecting specific regions of the cingulate cortex with temporal and parietal regions [61] . The anterior cingulate is activated in tasks of reward, error detection, and conflict monitoring, whereas posterior regions of the cingulum are activated in memory tasks [62] . The behavioral features that lead to the classification of ALSbi are in line with dysfunctions of the anterior cingulate, raising the possibility that loss of fibers between the anterior cingulate and temporal lobes affects the geometry of remaining fibers in the parahippocampal portion of the cingulate bundle. However, this is quite speculative, and it is important to note that DTI measures diffusion of water molecules in various directions and that inferences about white matter microstructure are indirect.
Although several VBM studies have been conducted in ALS patients, to our knowledge no VBM study has been done to date on PLS patients. The VBM analysis confirmed volume loss in regions of the brain related to motor function in both ALS and PLS patients. Volume loss occurred in the right precentral gyrus in ALS patients. This finding is consistent with a metaanalysis that found right precentral gray matter atrophy in ALS across five studies [63] , although individual reports have described more widespread gray matter loss [16, 64] . In the PLS patients, volume was reduced in the right motor cortex. We did not see diffuse atrophy of subcortical and cortical regions that was described in a study using surface-based volumetric methods [65] . In addition, we did not find any volumetric differences between patients with and without ALSci or ALSbi. The relationship between cognitive functions and central nervous system gray matter structures has been inconclusive in previous studies of ALS [66] . Only one study has demonstrated a direct association between neuropsychological measures and cortical atrophy in ALS: atrophy was found in the frontal, temporal, limbic, and occipital lobes, and was associated with impaired action knowledge [67] .
The extent of cognitive impairment and the imaging changes found in patients in this study were very mild. Unlike a number of population studies on ALS, no patient met the criteria for FTLD. This may reflect a sample bias for higher functioning patients. Most of the ALS and PLS participants in this study were college educated and they volunteered to participate in research, which was carried out away from the site of their primary medical care. Another limitation of this study is the relatively small sample size, particularly the number of patients meeting the criteria for ALSci and ALSbi and who were also able to have imaging studies. However, even subtle deficits in executive functioning, affecting speed of processing information or multitasking for example, can affect tasks of daily life.
Conclusion
We have shown the feasibility of combining neuropsychological tests with a multimodal imaging approach to better understand the mechanisms of cognitive and behavioral impairment in patients with ALS and PLS. This approach sheds light on the relative contributions of disrupted connectivity through white matter tracts and cortical gray matter damage in these conditions. In this study, only changes in diffusion metrics in white matter tracts were associated with a decline in cognitive measures. The involvement of long association fibers supports the theory that cognitive dysfunction can result from an alteration in network connections, including those extending beyond fronto-temporal regions to connections to occipital and parietal areas. Pathology in the white matter tracts connecting these brain regions is likely to impair temporal encoding of information, leading to reduced efficiency of cognitive networks.
